Abstract: This perspective delineates approaches to develop therapeutic strategies to stimulate the proliferative potential of adult human -cells in vitro. Previous findings demonstrated that nutrients, through regulation of mTOR signaling, promote regenerative processes including DNA synthesis, cell cycle progression and -cell proliferation in rodent islets but rarely in human islets. Recently, we discovered that regulation of the Wnt/GSK-3/ -catenin pathway by directly inhibiting GSK-3 with pharmacologic agents, in combination with nutrient activation of mTOR, was required to increase growth and proliferation in human islets. Studies also revealed that nuclear translocation of -catenin in response to GSK-3 inhibition regulated these processes and was rapamycin sensitive, indicating a role for mTOR. Human islets displayed a high level of insulin resistance consistent with the inability of exogenous insulin to activate Akt and engage the Wnt pathway by GSK-3 inhibition. This insulin resistance in human islets is not present in rodent islets and may explain the differential requirement in human islets to inhibit GSK-3 to enhance these regenerative processes. Human islets exhibited normal insulin secretion but a loss of insulin content, which was independent of all treatment conditions. The loss of insulin content may be related to insulin resistance, the isolation process or culture conditions. In this perspective, we provide strategies to enhance the proliferative capacity of adult human -cells and highlight important differences between human and rodent islets: the lack of a nutrient response, requirement for direct GSK-3 inhibition, insulin resistance and loss of insulin content that emphasize the physiological significance of conducting studies in human islets.
Globally, the number of people with diabetes mellitus is expected to rise from the current estimate of 190 to 330 million in the next 20 years [1] . This striking increase suggests that diabetes is now at epidemic proportions and constitutes a significant socioeconomic problem. A marked reduction of -cell mass plays an important role in the pathogenesis of both Type 1 (T1DM) and Type 2 (T2DM) Diabetes. Autoimmune-mediated destruction of pancreaticcells results in T1DM with absolute insulin deficiency and constitutes 5-10% of cases [2] . T2DM is characterized by insulin resistance, as well as -cell dysfunction with a relative insulin deficiency and constitutes 90-95% of cases [3] .
There are several forms of insulin and synthetic amylin available for the treatment of T1DM. Various therapeutic agents are used to treat hyperglycemia associated with T2DM that act by increasing insulin secretion, decreasing production of glucose from the liver or increasing insulin sensitization in peripheral tissues. However, these agents are known to lose their efficacy over time, resulting in a loss of glycemic control. The newly available incretin and dipeptidyl peptidase-4 (DPP-IV) drugs have positive effects on glucose-dependent insulin secretion [4] . These drugs have also been shown to increase -cell proliferation in rodent models. In postnatal human islets their efficacy to stimulate proliferation of -cells is yet to be ascertained [5] . However, Movassat et al. have reported the proliferation of human fetal islets when treated with Exendin-4 [6] . In addition, studies in both human and rodent islets using GLP-1 or analogs have also shown anti-apoptotic effects that are necessary to maintain -cell mass [7, 8, 9] .
CELLULAR MECHANISMS CONTROLLING -CELL MASS
Pancreatic -cell mass is not firmly set but is regulated by several mechanisms including self-duplication, -cell size, neogenesis (new -cells from other cell types), and apoptosis [10] . A balance between these mechanisms regulates -cell mass. The contribution made by each mechanism is variable, and depends on the stage of life, metabolic demands and animal species. The disruption of this balance results in rapid and marked changes in -cell mass. Analyses of the regulatory parameters described above have shown that there is continual loss and renewal ofcells throughout life [11, 12] .
Nutrients, growth factors and secondary messengers through multiple pathways regulate -cell growth and proliferation, and there are significant differences in the regulation of these pathways between humans and rodents.
Important pathways include PI-3K, Akt, mTOR, Wnt, calcineurin/NFAT [13, 14] and G-protein coupled receptor [5, 15] . Growth Hormone (GH), prolactin (PRL) and placental lactogen (PL) are potent growth factors that increase -cell mass through the Jak/Stat pathway [16, 17] . In rodent models, the atrial natriuretic peptide (ANP) [18] , HGF [19] , PDGF [13] , and EGF [20] have also been shown to contribute to increased -cell mass. Studies in rodents, have also demonstrated that chronic infusion of elevated glucose results in increased -cell mass, through proliferation and/or the neogenesis of -cells [21] [22] [23] . In addition, Ca 2+ and cAMP are important secondary messengers integrating mitogenic pathways in -cells.
Although there are multiple pathways involved in -cell growth and proliferation, this perspective will focus on two major growth-related pathways, mammalian target of rapamycin (mTOR) and glycogen synthase kinase-3 (GSK-3)/ -catenin, that are regulated by nutrients and growth factors. An additional focus will be to identify significant differences that exist between human and rodent islets regarding these two signaling pathways.
SOURCE OF NEW -CELLS DURING ADULT LIFE
Recently, Dor et al. [24] reported the significance of the proliferative capacity of existing adult -cells as a source of new -cells during adult life [25] . This investigation emphasized by genetic lineage tracing that adult pancreatic -cells are formed by self duplication rather than by differentiation of adult stem cells. In similar studies, Teta et al. [26] employing a novel DNA analog-based lineage tracking technique reported that the growth and regeneration of adult -cells did not involve specialized progenitors or stem cells from adult mice in vivo. Rather, adult -cells are derived by self-replication from a large pool of maturecells.
In response to the novel observations highlighting the importance of the proliferative capacity of existing adultcells to duplicate [24] [25] [26] [27] [28] , the goal of our research is to develop therapeutic strategies targeting growth-related signaling pathways to increase adult human -cell growth and proliferation while maintaining insulin biosynthesis and secretory function.
mTOR SIGNALING PATHWAY
mTOR, a member of the phosphatidylinositol 3-kinase (PI3K)-related kinase (PIKK) family of protein kinases, is conserved from yeast to humans [29, 30] . Fig. (1) depicts schematically pathways involved in mTOR signaling. mTOR regulates cell growth and metabolism by functioning as part of two distinct protein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1 contains the kinase, target of rapamycin (mTOR, also known as FRAP1), raptor (regulatory associated protein of mTOR), G L (also known as LST8), Deptor and PRAS-40 and regulates protein synthesis in mammals [31] . The phosphorylation of eukaryotic initiation factor 4E binding protein 1 (4EBP1) by mTOR results in the release of eukaryotic initiation factor 4E (eIF-4E) and allows its Fig. (1) . General schematic of the mTOR and Wnt signaling pathways.
participation in the initiation of cap-dependent mRNA translation. mTOR-mediated phosphorylation of ribosomal protein S6 kinase 1 (S6K1, also known as p70s6k) results in the phosphorylation of ribosomal protein S6 (rpS6), that correlates with the translation of mRNAs encoding both ribosomal proteins and translational elongation factors [32] . mTORC1 signaling is potently and specifically inhibited by rapamycin that prevents the phosphorylation of these translational regulators [32, 33] . mTORC2 consists of mTOR, Rictor, mSin1, G L, Protor-1 and Deptor [34, 35] and elicits distinct biological functions from mTORC1 due to its functional activators. mTORC2 is responsible for phosphorylation of S473, one of the two key residues required for full activation of Akt [36] . mTORC2 also regulates actin cytoskeletal polarization [37] and reorganization [38, 39] . mTORC2 directly phosphorylates S6K1, and serum-and glucocorticoidinducible kinase (SGK) (not shown in figure) and is largely insensitive to rapamycin [40] .
Insulin and growth factors exert their effects through the receptor tyrosine kinases and the down stream docking proteins, insulin receptor substrates, IRS1 and 2, that in turn activate the class I phosphatidylinositide-3 kinase (PI-3K) signaling pathway. At the membrane, class I PI-3K produces the second messenger, phosphatidylinositol (3,4,5)-trisphosphate [PtdIns (3,4,5)P3], which binds to the pleckstrin-homology domain of target proteins, including Akt and phosphoinositide-dependent kinase 1 (PDK1). Activation of Akt is of particular importance since it has multiple downstream targets which control glucose homeostasis, cell survival, and gene transcription [41] . Akt is also involved in regulating the effects of insulin and insulinlike growth factor-1 (IGF1) on mTORC1 activation by inhibiting the tumor suppressor complex, TSC1-TSC2, that releases the small GTPase, Rheb (RAS homologue enriched in brain). GTP-bound Rheb further enables mTORC1 signaling to its downstream targets, S6K1 and 4EBP1 [36] . (mTORC1 will be referred to as mTOR for the remainder of this perspective).
Rapamycin (sirolimus) is a macrolide immunosuppressor with similarities to the calcineurin inhibitor (CNI) tacrolimus in its molecular structure. Rapamycin binds to the intracellular receptor, the immunophilin FKBP-12 (FK-506 binding protein of 12 kd), that forms a complex with the FRB (FKBP-12/rapamycin binding) domain of mTOR. This conserved domain resides outside the catalytic domain and is unique to mTOR, and explains the high specificity of rapamycin-like drugs for its target and the ability of rapamycin to identify pathways regulated by mTOR [35, 42] . In most cases rapamycin sensitivity is considered to be a very specific indicator of mTOR-mediated signaling [35] .
REGULATION OF mTOR IN -CELLS BY NUTRIENTS AND GROWTH FACTORS
The pancreatic -cell is unique in its ability to metabolically regulate insulin secretion and also express components of the insulin and growth factor signaling cascade. Dann et al. [36] have shown that the kinase activity of mTOR cannot be triggered by PI-3K in the absence of nutrients and cellular energy. In CHO cells, the metabolism of glucose was required for insulin to mediate the phosphorylation of eukaryotic initiation factor, eIF-4E [43] . Our initial studies in rat islets established that glucose metabolism and insulin signaling, in an amino acid dependent manner, resulted in phosphorylated 4EBP1 and S6K1 [44, 45] . The phosphorylation of 4EBP1 and S6K1 was prevented by rapamycin. Rapamycin also inhibited glucosestimulated 35 S-methionine incorporation into islet protein [44] . Overall these studies demonstrated that the production of energy derived from glucose metabolism and insulin signaling, in an amino acid dependent manner, regulates protein synthesis through mTOR activation.
These findings also highlighted an essential requirement for branched chain amino acids to facilitate metabolic and insulin signaling through mTOR. In RINm5F cells, leucine in combination with glutamine, stimulated S6K1 phosphorylation via the mTOR pathway [45] . Leucine has been shown to be unique in its ability to activate translation initiation independent of insulin and insulin-like growth factors (IGFs) [46] [47] [48] [49] . Our data support the conclusion that in -cells, leucine and glutamine serve as mitochondrial fuels through the production of acetyl-CoA and glutamine as an allosteric activator of glutamate dehydrogenase formingketoglutarate from glutamate that enters the KREB's cycle. Thus, the metabolism of glucose and amino acids, designated as nutrient signaling, energizes the mitochondria and provides metabolically generated secondary signals, including ATP, cAMP, and Ca
2+
, necessary for mTOR activation [33, 45, 49, 50] .
RINm5F cells require only amino acid stimulation to fully activate mTOR. In contrast, primary rodent and human islets also require elevated glucose concentrations for the production of metabolically generated secondary signals for mTOR activation [33] . Importantly, human islets exhibited a variable response to elevated glucose, not always activating the downstream targets of mTOR, S6K1 and 4EBP1 (unpublished data). This indicated that a metabolic dysfunction preventing mTOR activation might be responsible for this variable response to glucose in human islets.
In additional experiments involving leucine and insulin infusion in human subjects, insulin increased Akt phosphorylation, but leucine was ineffective in biopsies obtained from skeletal muscle in vivo. However, leucine and insulin were each effective alone and also synergized to phosphorylate S6K1 [51] . This indicates that leucine, in combination with insulin, produces a synergistic effect on mTOR through nutrient and insulin signaling pathways. In addition, leucine, through nutrient signaling independent of insulin, activates mTOR and may have a role in skeletal muscle protein synthesis [51] .
Our next studies focused on determining the metabolic secondary signals linking cellular metabolism to mTOR regulation. In -cells, the metabolism of elevated concentrations of glucose and amino acids increases the ATP/ADP ratio that inhibits K ATP channels, resulting in membrane depolarization and an influx of extracellular Ca 2+ . We found that exposure of rat islets to an agent that increases extracellular Ca 2+ influx, glyburide, also increased S6K1 phosphorylation. In addition, forskolin and Exenatide, which increase cAMP levels and mobilize intracellular Ca 2+ , also increased S6K1 phosphorylation [52] . Conversely, diazoxide, nifedipine and BAPTA that reduce intracellular Ca 2+ levels, decreased S6K1 phosphorylation. All of these effects on S6K1 phosphorylation were blocked by rapamycin, indicating a role for mTOR. Other investigators demonstrated that the 1D subunit of the L-type calcium channel is required for proper -cell development in the postnatal pancreas. In the 1D knockout mouse, -cell proliferation was decreased, suggesting that a defect in Ca 2+ influx may be partly responsible for a reduction in -cell mass [53] . In addition, other studies indicated that S6K1 requires a Ca 2+ dependent priming event for activation [54, 55] .
DNA SYNTHESIS AND CELL CYCLE PROGRESSION IN RAT ISLETS
Based on our findings suggesting a role for metabolic signals in regulating the mTOR pathway, we extended our studies to DNA synthesis and cell cycle progression. As shown in Fig. (2A) , a 4-day exposure of rodent islets to elevated glucose compared to basal glucose increased 3 Hthymidine incorporation (1.5-2-fold), as an indicator of DNA synthesis. Rapamycin dose-dependently inhibited this glucose-induced increase as well as basal levels of DNA synthesis. Treatment of rodent islets with glyburide at basal glucose also increased DNA synthesis that was blocked by rapamycin ( Fig. 2B) . To ascertain if glyburide-mediated DNA synthesis is due to cytosolic Ca 2+ derived from extracellular media, we used nifedipine (10 M), an inhibitor of the L-type Ca 2+ channel. We observed that nifedipine blocked glyburide-stimulated DNA synthesis (Fig. 2B , lane 5) to a level comparable to basal glucose (lane 1). These results supported the conclusion that the ability of glyburide to mediate 3 H-thymidine incorporation is due, in part, to an increase in Ca 2+ influx through the nifedipine-sensitive Ltype Ca 2+ channel and the mTOR pathway [56] .
Our next approach was to determine whether diazoxide, an opener of K ATP channels, would decrease glucosestimulated DNA synthesis due to its ability to attenuate Ca 2+ influx. As shown in Fig. (3) , diazoxide paradoxically enhanced the ability of elevated glucose to stimulate DNA synthesis (lane 3 versus lane 2). Interestingly, nifedipine failed to mimic the potentiating effect of diazoxide on glucose-stimulated DNA synthesis [56] . These unexpected results suggested that diazoxide might exert multiple effects to mediate the potentiation of glucose-stimulated DNA synthesis in addition to the opening of plasma membrane K ATP channels [56] . Nifedipine (10 μM) also failed to inhibit glucose-induced S6K1 phosphorylation in rat islets, although nifedipine in combination with BAPTA, which also lowered intracellular Ca 2+ levels, reduced S6K1 phosphorylation [52] . Cell cycle analysis of rodent islets treated with glucose or glyburide indicated a reduction of cells in G 0 /G 1 phase and a concomitant accumulation in S phase (Fig. 4) . Rapamycin (25 and 100 nM) blocked this progression by 32% and 61%, respectively [56] . Diazoxide failed to increase S phase accumulation even though it significantly increased 3 Hthymidine incorporation as discussed above (data not shown). Based on these results in rat islets, we concluded that elevated glucose (20 mM) or glyburide (10 nM) increases DNA synthesis and cell cycle progression in rodent islets, however, the effect of elevated glucose on DNA synthesis appears to be independent of extracellular Ca 2+ , whereas the effect of glyburide is dependent on extracellular Ca 2+ .
Fig. (2). (A)
Glucose enhances DNA synthesis in a rapamycin-sensitive manner. Rat islets (100) were cultured for 4 days in CMRL-1066 culture media (CMRL) as indicated. 3 H-thymidine incorporation was determined during the final 24 h. Data are representative of two experiments with triplicate samples. Reprinted with permission from ref. [52] . (B) Stimulatory effect of glyburide on DNA synthesis at basal glucose is modulated by Ca 2+ influx. Rat islets (100) were cultured for 4 days in CMRL as indicated and 3 H-thymidine incorporation determined during the final 24 h. Data are the means ± S.E. of n = 3 experiments with triplicate samples. Reprinted with permission from ref. [56] . Fig. (3) . Diazoxide increases glucose stimulated DNA synthesis independent of its role in opening K (ATP) channels. Rat islets (100) were cultured for 4 days in CMRL as indicated and 3 H-thymidine incorporation determined during the final 24 h. Data are the means ± S.E. of n = 3 experiments with triplicate samples. Reprinted with permission from ref. [56] . 
REGULATION OF mTOR, DNA SYNTHESIS, AND CELL CYCLE PROGRESSION IN HUMAN ISLETS
Our next area of interest was to determine if nutrients (glucose and amino acids) and pharmacologic agents (glyburide and diazoxide) that were effective in enhancing mTOR-mediated DNA synthesis or cell cycle progression in rodent islets provided an effective strategy to enhance the survival, growth, and proliferative capacity of adult human islets. As previously discussed, in contrast to rat islets, human islets exhibited a variable response to these stimuli based on mTOR/S6K1 phosphorylation and also rarely increased DNA synthesis or entered the cell cycle. Since we had established that metabolic signaling by nutrients was important for the regulation of regenerative processes in rodent islets, we hypothesized that human islets may display a metabolic defect that prevented appropriate mTOR signaling. Thus, we began to experiment with another nutrient, palmitate and its ketone metabolite, acetoacetate. Although palmitate increased DNA synthesis, in a rapamycin sensitive manner, in rat islets (Fig. 5A) , neither palmitate ( Fig. 5B ) nor elevated glucose (Fig. 5C ) had an effect in human islets. Unexpectedly, the lithium component in the commercially available acetoacetate salt significantly enhanced DNA synthesis at basal and elevated glucose (Fig.  5C ) in human islets in a rapamycin sensitive manner [57] , whereas the sodium acetoacetate salt was ineffective (data not shown). These effects of lithium were consistent with earlier findings by Sjoholm et al. [58] demonstrating that lithium triggered DNA synthesis in fetal rat islets, although the mechanism responsible for this effect was not identified. A well-known action of lithium is the phosphorylation of glycogen synthase kinase (GSK-3) that results in GSK-3 inhibition. We speculated that the mechanism whereby lithium exerts these positive effects on DNA synthesis might be through activation of the Wnt signaling pathway by direct GSK-3 inhibition and also involved the mTOR pathway, based on rapamycin sensitivity.
Wnt/GSK-3/ -CATENIN SIGNALING PATHWAY
The Wnt signaling pathway regulates a wide range of cellular functions including cell growth, proliferation, polarity, differentiation and development [59, 60] . Fig. (1) depicts schematically pathways involved in Wnt signaling. Wnt signaling is activated by the binding of Wnt ligands to membrane-spanning receptors designated as Frizzleds (Fz) and the transmembrane protein LRP. GSK-3 is a highly conserved serine/threonine kinase that regulates a number of diverse signaling pathways. Different than most protein kinases, GSK-3 is active in the non-phosphorylated form under basal glucose conditions and is primarily regulated by inactivation due to phosphorylation. One primary target of GSK-3 is the transcription co-factor, -catenin. In the absence of Wnt signaling, active GSK-3 forms a complex with other proteins including the adenomatous polyposis coli protein (APC), casein kinase 1/2 (CK1/2), Axin, protein phosphatase 2A (PP2A) and -catenin. This complex facilitates GSK-3-mediated phosphorylation of cytoplasmic -catenin that targets its degradation by ubiquitination. In the presence of a Wnt ligand, the disheveled (Dsh)/FRAT complex inhibits the activity of the GSK-3 complex, releasing -catenin which translocates to the nucleus. Lithium and 1-Akp can also inactivate the GSK-3 complex, thus releasing cytoplasmic -catenin from the complex and allowing -catenin to translocate to the nucleus and interact with the TCF family of DNA binding factors necessary for the transcription of targeted genes [60, 61] .
The Wnt signaling pathway is also activated by insulin and insulin-like growth factors-1/2 (IGF1/2). Under normal physiological conditions, insulin and IGF1/2 inhibit GSK-3 through Akt-mediated phosphorylation of GSK-3 at the Ser 21/9 residues [60] [61] [62] [63] [64] . Recent reports have also highlighted the importance of insulin signaling in stimulating the expression of a number of proto-oncogenes, including c-Myc and cyclin D1, which are suggested to be downstream targets of Wnt signaling [65, 66] .
Lithium, an agent used as a mood stabilizer for decades, was first connected to GSK-3 inhibition due to its ability to mimic Wnt signaling in Xenopus development [67, 68] . Although lithium has multiple effects, Klein and Melton [67] determined that by directly and potently inhibiting GSK-3 , lithium regulates Xenopus embryo development. They further established that inhibition of another target of lithium, inositol monophosphatase, was not responsible for the effects of lithium on embryo morphogenesis. Since lithium mimics the function of Wnt activation, it has been broadly utilized in studying the functional outcome of Wnt activation and target gene expression [68, 69] . Lithium at therapeutic concentrations in patients (1-5 mM) inhibits by phosphorylation the activity of GSK-3 in both cell-free and intact cells, thus mimicking the effects of insulin and growth factors. The inactivation of GSK-3 by lithium leads to the accumulation of free cytoplasmic -catenin and its translocation to the nucleus.
REGULATION OF THE Wnt/GSK-3/ -CATENIN PATHWAY IN HUMAN ISLETS
In our studies using adult human islets, LiCl (5 or 10 mM) in combination with 8 mM glucose significantly enhanced DNA synthesis in human islets above that of 8 mM glucose alone in a rapamycin sensitive manner (Fig. 6A ) [57] . As shown in Fig. (6B), 1-azakenpaullone (1-Akp) , a Fig. (5) . Effects of palmitate and lithium acetoacetate on DNA synthesis in rat and human islets. Rat (A) or human (B and C) islets were cultured for 4 days in CMRL as indicated and 3 H-thymidine incorporation was determined during the final 24 h. Palmitate was complexed to fatty acid-free BSA at a 4:1 ratio estimated to yield unbound fatty acid concentrations in the nanomolar range. Data are the means ± S.E. of n = 3 experiments with triplicate samples. (Data are the means + S.E. of n = 3 experiments with triplicate samples. *p<0.05, **p<0.01 denote significant differences between bracketed conditions. highly potent and specific GSK-3 inhibitor [70] , also significantly enhanced DNA synthesis in human islets above that of 8 mM glucose alone in a dose dependent manner [57] . This increase in DNA synthesis was significantly blocked by rapamycin indicating a role for the mTOR pathway. Exposure of human islets to 8 mM glucose plus 15 μM 1-Akp significantly decreased cells in G 0 /G 1 and increased cells in S phase with no change in G 2 /M, whereas an increase in glucose from 5 to 8 mM alone failed to exert any significant effects on G 0 /G 1 , S, or G 2 /M phases in human islets (Fig. 6C) . All of these changes were blocked by rapamycin [57] . These positive effects of GSK-3 inhibition on DNA synthesis and cell cycle progression in human islets were highly reproducible. Taken together, our studies indicated that in human islets, the regulation of both the GSK-3/ -catenin and mTOR signaling pathways were required to recapitulate the positive effects on DNA synthesis and cell cycle progression observed previously in rodent islets. It is important to note that these positive effects of GSK-3 inhibition on DNA synthesis and cell cycle progression and the inhibition by rapamycin were analyzed using intact human and rodent islets and not purified -and -cells. Rodent islets contain predominantly -cells but human islets may contain more than 50% non -cells. The data presented in Fig. (8) (to be discussed subsequently) demonstrates proliferation in human -cells (Ki-67 + /insulin + co-stained cells). Additional studies will be conducted in order to further establish a direct connection of GSK-3 inhibition to proliferation in specific islet cell types.
Other studies have also focused on the role of GSK-3 inhibition in regulating regenerative processes in cell lines and rodent islets. Liu et al. [71] reported that mice withcell overexpression of activated GSK-3 resulted in low -cell mass and proliferation. Recently, Mussmann et al. [72] Fig. (6) . Effect of GSK-3 inhibition on mTOR-dependent regenerative processes in human islets. Effect of LiCl (A) and 1-Akp (B) on mTOR-dependent DNA synthesis. Islets (100) were cultured for 4 days in CMRL as indicated and 3 H-thymidine incorporation determined during the final 24 h. Data are the means ± S.E. of n = 2-5 experiments; *p<0.05, **p<0.01, and ***p<0.001 indicate significant differences from 8 mM glucose alone. (C) Islets (200) were cultured in CMRL as indicated. At the end of the 4-day incubation period, islets were dispersed into single cells, stained with propidium iodide and processed for flow cytometry to determine cell cycle progression. Data are the means ± S.E. of n = 3 experiments. **p<0.01 and ***p<0.001 denote significant differences between the bracketed conditions. Reprinted with permission from ref. [57] .
reported that treatment of isolated rat islets with structurally diverse small molecule inhibitors of GSK-3 increased the rate of -cell replication by 2-3 fold relative to controls.
EFFECTS OF EXENATIDE ON THE mTOR AND Wnt/GSK-3/ -CATENIN PATHWAYS IN HUMAN AND RAT ISLETS
The insulinotropic hormone GLP-1 (glucagon-like peptide-1) and its long acting agonist, exendin-4 (Exd4, Exenatide), exert positive effects on -cell function including glucose-dependent insulin secretion as well as proinsulin biosynthesis. Multiple anti-diabetogenic actions of GLP-1 have since been discovered, including the stimulation of proliferation and inhibition of apoptosis in pancreaticcells [73] [74] [75] . Liu and Habener [15] proposed that activation of the GLP-1 receptor (GLP-1R) by GLP-1 or Exd4 leads to the accumulation of cAMP and activation of cAMPdependent protein kinase A (PKA), mitogen-activated Fig. (7) . Dose dependent effects of Exenatide on cell cycle progression in human (A-C) and rat (D-F) islets. Islets (200) were incubated in CMRL as indicated for 4 days. Media was changed daily. At the end of the 4 day period, islets were dispersed into single cells, stained with propidium iodide and processed for flow cytometry to determine cell cycle progression. Data are the means + S.E. of n = 3-4 experiments with duplicate samples in each experiment. *p<0.05, **p<0.01 and ***p<0.001 denote significant differences. See text for statistical comparisons.
protein kinase (MEK), and Akt. PKA directly phosphorylates -catenin on Ser675 to stabilize -catenin and enhance TCF7-L2 activation of gene expression incells [15] . Akt and MEK/ERK signaling also contribute tocatenin stabilization. In addition, these investigators found by microarrays that GLP-1 and Exd4 also induce the expression of genes in both the Wnt signaling pathway and their target genes [15] .
Similar to these findings, we observed positive effects of Exenatide on regenerative processes in human islets. Treatment of human islets with 5.6 or 20 mM glucose and 2.5 nM Exenatide for 4 days, modestly increased DNA synthesis, although not significantly. DNA synthesis in response to 20 mM glucose ± 2.5 nM Exenatide was significantly inhibited by rapamycin (data not shown). Exenatide treatment of human islets also stimulated cell cycle progression. Fig. (7A) shows that 10 nM Exenatide at 5.6 mM glucose significantly increased the percentage of cells in S phase from 7 to 14% (p<0.05) compared to 5.6 mM glucose. Similarly in Fig. (7B) , 10 nM Exenatide and 8 mM glucose significantly reduced the percentage of cells in G 0 /G 1 phase from 75 to 61% (p<0.05) compared to 8 mM glucose. In the presence of 20 mM glucose, 2.5 nM Exenatide caused a significant decrease of cells in G 0 /G 1 phase (64 to 47%, p<0.05) and a concomitant increase in cells in S phase (18 to 34%, p<0.05) (Fig. 7C) . Increasing glucose from 5.6 to 8 mM in the absence of Exenatide had no effect on cell cycle progression in human islets (Fig. 7A,  B) . Increasing glucose from 5.6 to 20 mM glucose resulted in a small but significant increase in the percentage of cells in S phase (7 to 18%, p<0.05). Overall, these data demonstrate that Exenatide in a glucose-dependent manner significantly increased cell cycle progression in human islets. Thus, the most significant effects were observed at elevated glucose concentrations.
In rat islets (Fig. 7D, F) increasing glucose from 5.6 to 20 mM in the absence of Exenatide, resulted in statistically significant changes in cell cycle progression in G 0 /G 1 , S and G 2 /M phases compared to each phase at 5.6 mM glucose. In Fig. (7D) , Exenatide (1, 2.5 and 5 nM) caused a significant decrease of cells in G 0 /G 1 phase (p<0.05) and a concomitant increase in cells in S phase (p<0.05 or p<0.01). At elevated glucose (8 or 20 mM), Exenatide further significantly shifted cells from G 0 /G 1 to S phase at all doses compared to glucose in the absence of Exenatide (Fig. 7E, F) .
Thus, Exenatide overcomes the inability of human islets to respond physiologically to elevated glucose for DNA synthesis and cell cycle progression, whereas Exenatide potentiates these regenerative processes in rat islets. Based on our findings and those of Liu et al. [15] , we speculate that in human islets Exenatide may exert effects on regenerative processes through cAMP/PKA-mediated stabilization ofcatenin as well as activation of the mTOR pathway based on activation of S6K1 and rapamycin sensitivity [52] . + cells in all treatment conditions. *P < 0.05, **P < 0.01, and ***P < 0.001 denote significant differences between the bracketed conditions. (B) Representative confocal image of paraffin-embedded intact human islets treated for 4 days as indicated. Image on the far right is a fivefold magnification of the white inset box on the upper left, to display confirmed colocalization of Ki-67 (red nuclei) and insulin (green cytoplasm) in two adjacent -cells or a dividing -cell. Reprinted with permission from ref. [57] .
Importantly, in addition to GSK-3 inhibitors, Exenatide is the only other treatment in our experimental designs that exerted a positive effect on DNA synthesis and cell cycle progression in human islets. These experiments were conducted using intact islets, thus further studies will need to address whether these effects of Exenatide occur in -and/or -cells. In addition, these studies will be extended beyond DNA synthesis and cell cycle progression to include techniques to measure cell proliferation.
HUMAN -CELL PROLIFERATION RESULTING FROM mTOR AND Wnt/GSK-3/ -CATENIN CROSSTALK
Various investigators have reported -cell proliferation in rodents, however, there is limited information on humancell proliferation. Parnaud et al. [76] performed an analysis of various growth factors, EGF, gastrin, and GLP-1, and extracellular matrices, all of which are known to inducecell proliferation in rodents. Using FACS purified humancells or intact human islets, regardless of the culture conditions, they failed to observe any human -cells which were Ki-67 positive (a marker of cell proliferation). In addition, Meier et al. [77, 78] studied the extent and timing of expansion, as well as the source of newly formed -cells in human autopsy samples from infancy to young adult. They reported that -cell mass was increased several fold from birth to adulthood, due to an increase in islet size and -cells per islet, but not islet number. The authors also reported a high degree of individual variability in these parameters. This study reported a high rate of -cell replication and mass expansion that occurred in postnatal islets that decreased through adulthood. Butler et al. also reported that obesity results in adaptive increases in -cell mass in rodents of ~10 fold and in humans of only ~0.5 fold [79, 80] . A significant focus of our studies was to determine if GSK-3 inhibition results in mTOR-mediated human -cell proliferation in vitro. Fig. (8A) demonstrates that primary human -cells require an increased glucose concentration (8 mM) in combination with GSK-3 inhibition by LiCl or 1-Akp to attain significant increases in proliferation. The most significant increases in Ki-67/insulin positive cells were observed in comparing 8 mM glucose + LiCl with 5 or 8 mM glucose alone or with 5 mM glucose + LiCl (See Fig. 8 legend for fold and percent increase in Ki-67/insulin positive cells). An additional significant increase in Ki-67/insulin positive cells was observed in comparing 8 mM glucose + 15 μM 1-Akp with 5 mM glucose alone. It is also noted that increases in glucose from 5 to 8 mM glucose in the absence of GSK-3 inhibition failed to exert any significant differences in -cell proliferation. The number of cells positively immunolabeled for Ki-67/insulin in all treatment conditions was significantly blocked by rapamycin. Confocal microscopy was utilized to verify that the Ki-67 positive cells (red nuclei) were colocalized with insulin positive human -cells (green cytoplasm) (Fig. 8B) . In this same study, a number of human -cells with positive immuno-labeling for Ki-67 or BrdU, exhibited a low level of insulin positive staining, indicating a low level of insulin granules. These humancells were not included in the quantitation of proliferation, thus our data might be an underestimation of total -cell proliferation. This is consistent with other studies also showing that expansion of human islets resulted in lowercell insulin content [81] . We speculate that this may represent a temporary state in this subset of -cells due to the large energy requirements for proliferation and insulin biosynthesis. We anticipate that once cell division has occurred and a basal condition attained, -cell insulin biosynthesis will resume.
As discussed above (Fig. 8) , there is a requirement for elevated glucose in combination with GSK-3 inhibition, to achieve significant increases in Ki-67 or BrdU positive staining in human -cells. In contrast, only basal glucose is required in combination with GSK-3 inhibition to activate the other regenerative processes including, DNA synthesis and cell cycle progression, in intact human islets. An explanation for this difference may be that the methodology used to quantify Ki-67 and BrdU is specific for -cells, whereas DNA synthesis and cell cycle progression data quantifies all islet cell types. In this study, we did not examine Ki-67 or BrdU positive staining in human isletcells. Future studies will determine if GSK-3 inhibition in human islets results in similar effects in -cells compared to our -cell findings.
Since we had established that both mTOR and GSK-3 pathways are involved in these regenerative processes in human islets, we attempted to determine the mechanisms responsible for crosstalk between these signaling pathways. We observed that GSK-3 inhibition by LiCl (10 mM) or 1-Akp (10 μM), in the presence of 5 or 8 mM glucose, resulted in significant increases in -catenin accumulation and translocation to the nucleus of human -cells (Fig. 9A) . Importantly, -catenin translocation in response to GSK-3 inhibition was significantly rapamycin sensitive. This suggests that mTOR may exert an important role in this crosstalk mechanism by facilitating the nuclear translocation of -catenin. Fig. (9B) demonstrates the criteria for determining -catenin nuclear translocation in human -cells with insulin positive (green) and -catenin (red-cytoplasmic) or (purple-nuclear) staining (see Fig. 9B legend) . Rulifson et al. [61] proposed that -catenin signaling is both necessary and sufficient for -cell proliferation in mouse islets, and that expression of activated -catenin increases -cell mass. However, these studies did not address the role of mTOR in combination with -catenin signaling as a requirement for rodent -cell proliferation. Interestingly, Rulifson et al. [61] indicated that the Wnt agonist, Wnt3a, failed to stimulate human -cell proliferation. These observations with Wnt receptor agonists, suggest that direct inhibition of GSK-3 may be required for proliferation in human islets. Fig. 10 (see Fig. 10 legend) emphasizes schematically the involvement of mTOR crosstalk in the Wnt/GSK-3/ -catenin signaling pathway to mediate -catenin nuclear translocation.
Conversely, Inoki et al. [82] and Jin et al. [83] reported that inhibition of GSK-3 is required for mTOR activation and identified a key role for GSK-3, in a -cateninindependent manner, to regulate mTOR signaling in noncells. Thus, we next examined whether GSK-3 inhibition has a positive effect on mTOR activation in human islets. However, GSK-3 inhibition exerted inconsistent and small effects on mTOR signaling in the presence of 5 or 8 mM glucose [57] . In the absence of glucose, GSK-3 inhibitors resulted in a small increase in S6 phosphorylation (data not shown). We concluded that there is a minimal effect of GSK-3 inhibition on mTOR activation, whereas the effect of the mTOR pathway on the GSK-3/ -catenin pathway is significant in primary human islets.
HUMAN ISLET INSULIN RESISTANCE
In the course of these studies, we discovered that exogenous insulin was ineffective in stimulating DNA synthesis in human islets in contrast to rodent islets (Fig.  11A, B) . GSK-3 inhibition with 1-Akp was employed as a positive control in this experimental design. Treatment of human islets with exogenous insulin also failed to result in Akt (Fig. 11C) or GSK-3 phosphorylation (Fig. 11D) . However, inhibiting mTOR with rapamycin, that relieves the negative feedback inhibition of insulin signaling, allows insulin to phosphorylate Akt, resulting in GSK-3 inhibition (Fig. 11C, D) . However, this reversal of the negative feedback by rapamycin cannot be used as a therapeutic strategy to overcome insulin resistance since rapamycin inhibits -catenin nuclear translocation (Fig. 9) and DNA synthesis ( Fig. 2A) . Overall, this suggests that a basal level of mTOR activation achieved at 5 mM glucose, sufficiently engages feedback inhibition of the insulin signaling cascade Fig. (9) . Translocation of nuclear -catenin in human islets. (A) Fold increase in -catenin nuclear positive/insulin positive cells (with respect to 5 mM glucose) as determined by immunohistochemical analysis. Data are the means ± S.E. of n = 3 experiments. For each group per experiment, 5,000-6,000 -cells were counted. *p<0.05, **p<0.01, and ***p<0.001 denote significant differences between the bracketed conditions. (B) Representative immunofluorescent images of dispersed human islets to demonstrate co-localization of cytoplasmic insulin and nuclear -catenin used for quantitation in Fig. (9A) . Reprinted with permission from ref. [57] .
in human islets, resulting in insulin resistance, and may explain the need for direct inhibition of GSK-3 with therapeutic agents (see Fig. 10 legend) . However, inhibition of GSK-3 alone in the absence of Akt activation may not be an optimal therapeutic strategy since activation of Akt signaling is necessary to promote cell survival, proliferation, -cell differentiation and insulin biosynthesis [10] . We found that in almost all of the human islet isolations examined, nutrient or exogenous insulin treatments were ineffective at stimulating regenerative processes in the absence of GSK-3 inhibition. This occurred regardless of the donor's sex, age, BMI or the isolation center. It is unknown at this point, if this high level of -cell insulin resistance is a result of the human islet isolation procedure, in vitro culture conditions, or exists in vivo as well. Importantly, this in vitro model of human islet insulin resistance may provide a unique opportunity to evaluate the efficacy of novel agents and /or strategies to increase insulin sensitivity in human islets in vitro.
SUMMARY
In this perspective, we have focused on the development of therapeutic strategies to increase the proliferative potential of adult human -cells. A feasible and available strategy derived from these studies is described schematically in Fig.  (10) . We have demonstrated that targeting the Wnt/GSK-3/ -catenin signaling pathway using pharmacological agents in combination with nutrient activation of the mTOR pathway is critical for substantially increasing DNA synthesis, cell cycle progression and human -cell proliferation in vitro. Nutrient signaling through the mTOR pathway alone was sufficient to increase regenerative processes in rodent islets, whereas nutrients were rarely effective in human islets. This highlights a significant difference in the activation requirements of these pathways between human and rodent islets in vitro. In human -cells, we also found that the nuclear translocation of -catenin in response to GSK-3 inhibition was rapamycin sensitive, suggesting a significant role for mTOR in facilitating translocation. This crosstalk involving mTOR-mediatedcatenin nuclear translocation is believed to be responsible, in part, for the inhibition of these regenerative processes by rapamycin. Another significant difference between human and rodent islets is that human islets exhibited a relatively high level of insulin resistance in comparison to rodent islets. Human islet insulin resistance is believed to be due to mTOR-mediated negative feedback inhibition of the insulin signaling pathway, since rapamycin restored Akt and GSK-3 phosphorylation. This insulin resistance may be responsible for the requirement to directly inhibit GSK-3 by pharmacological agents in order to engage the Wnt signaling pathway. Insulin resistance also explains the inability of exogenous insulin to exert effects on these regenerative processes. Although human islets displayed a normal insulin secretory function following our therapeutic strategies designed to enhance growth and proliferation, a loss of stored insulin content was observed after the 4-day culture period independent of all treatment conditions [57] . In contrast, rodent islets retained their insulin content over this incubation period. These significant differences: a lack of a nutrient response, a requirement for direct GSK-3 inhibition, insulin resistance, and the loss of insulin content in human islets, underscores the importance of conducting studies with human islets due to the uncertainty of the translational relevance of rodent islets and -cell lines.
Overall, these studies indicate that appropriate regulation of mTOR by nutrients and Wnt/GSK-3/ -catenin through direct inhibition of GSK-3 with LiCl or 1-Akp enhances human -cell proliferation in vitro. In addition, our data demonstrate that Exenatide treatment of human and rat islets result in significant increases in cell cycle progression in a glucose-dependent manner. Based on our data and others [15] , we conclude that the effects of Exenatide on human and rat islets are mediated through both mTOR and Wnt/GSK-3/ -catenin pathways. Our future goal will be to develop therapeutic approaches and novel agents that will reduce insulin resistance due to mTOR overactivation and restore insulin signaling and Akt phosphorylation in response to insulin or IGFs, while retaining a necessary level of mTOR activation in human islets. These therapeutic strategies are designed to unmask the proliferative capacity, function and survival of adult human islets to decrease the number of islets required for transplantations in T1DM and to extend the ability of human -cells to compensate in the face of increased peripheral insulin resistance in T2DM. Fig. (11) . Effects of exogenous insulin on the insulin signaling pathway. Human (A) or rat islets (B) (100) were cultured for 4 days in CMRL as indicated and 3 H-thymidine incorporation was determined during the final 24 h. Data are the means ± SE of n = 3 experiments with triplicate samples in each experiment. **p<0.01 and ***p<0.001 denote significant differences between the bracketed conditions. (C and D) Human islets (100) were treated for 30 min in CMRL as indicated and processed for Western Blotting. -Actin was used as a protein loading control. Data are the means ± S.E. of n = 3 (C) or 2 (D) experiments. **p<0.01 indicates significant difference between the bracketed conditions. Reprinted with permission from ref. [57] . 
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